We study the Kondo physics of a quantum magnetic impurity in two-dimensional topological superconductors (TSCs), either intrinsic or induced on the surface of a bulk topological insulator, using a numerical renormalization group technique. We show that, despite sharing the p + ip pairing symmetry, intrinsic and extrinsic TSCs host different physical processes that produce distinct Kondo signatures. Extrinsic TSCs harbor an unusual screening mechanism involving both electron and orbital degrees of freedom that produces rich and prominent Kondo phenomena, especially an intriguing pseudospin Kondo singlet state in the superconducting gap and a spatially anisotropic spin correlation. In sharp contrast, intrinsic TSCs support a robust impurity spin doublet ground state and an isotropic spin correlation. These findings advance fundamental knowledge of novel Kondo phenomena in TSCs and suggest experimental avenues for their detection and distinction.
The Kondo problem, which treats a magnetic impurity in metals [1] , is a prominent topic in materials research, and its solution by the renormalization group method invokes some of the most profound concepts and techniques in theoretical physics [2] . Kondo phenomena offer insights into impurity scattering and screening processes and reveal characters of host materials. When a magnetic impurity is coupled to electrons in a superconductor (SC), a Yu-Shiba-Rusinov impurity state emerges in the superconducting gap [3, 4] , reflecting the nature of the SC ground state [5] [6] [7] [8] [9] [10] [11] . This idea also has been extended to classical impurities in topological superconductors (TSCs) [12] [13] [14] [15] [16] [17] [18] [19] . There are currently great interest in TSCs because these materials exhibit novel physics [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] and hold great promise as a platform for topological quantum computation [31] [32] [33] . Of particular significance for fundamental study and device application are twodimensional (2D) TSCs, which were predicted to exist by proximity effect on the surface of a topological insulator (TI) [34] . This scenario was recently realized experimentally in a single superconducting layer of NbSe 2 grown on top of a 3D TI Bi 2 Te 3 [35] . Similar phenomena have been proposed and observed in unconventional superconductors FeTe 0. 55 Se 0.45 [36] [37] [38] [39] and PbTaSe 2 [40, 41] . The proximate s-wave SC mediates an induced p + ip symmetry paired TSC state [42] , and signatures of Majorana modes have been observed in recent experiments [35, 43] . Intrinsic TSC states also have been explored in layered compound Sr 2 RuO 4 [44] [45] [46] [47] [48] . While these extrinsic and intrinsic TSCs share the p + ip pairing, they bear fundamental differences in underlying mechanisms [49] , which should lead to distinguishable physical properties [50] . Exploring new Kondo effects in such exotic TSCs constitutes a highly intriguing and outstanding problem in materials physics.
In this Letter, we expand the realm of Kondo physics by devising a study of a quantum magnetic impurity coupled to intrinsically or extrinsically driven 2D TSCs using a numerical renormalization group technique. We unveil salient features of the ground state of the quantum magnetic impurity in different TSC environments. The Kondo phenomena in extrinsic TSCs are shown to be formally equivalent to those in an s-wave superconductor, but unique electronic and orbital coupling schemes in extrinsic TSCs drive a distinct screening mechanism that produces new Kondo features, especially a pseudospin singlet state in the superconducting gap and a spatially anisotropic spin correlation. These results stand in stark contrast to those of intrinsic TSCs, which host a spin doublet ground state and an isotropic spin correlation. The presently established properties define new types of Kondo physics in TSCs and allow experimental distinction of TSCs driven by different pairing mechanisms.
Kondo physics is characterized by key quantities such as ground-state symmetry, impurity local density of states (LDOS), conduction electron-impurity spin correlation, and impurity susceptibility [51] . To assess these quantities and account for charge fluctuation [52] , we consider the Anderson impurity model,
where the standard Hamiltonian terms are expressed aŝ
Here the f-electron terms describe the impurity with a local orbital energy E f and an on-site Hubbard interaction U . We take the symmetric case, E f = −U/2, in calculations presented below; generalization to asymmetric cases is straightforward [53] . The hybridization between the impurity and conduction electrons is assumed to be independent of momentum and spin for simplicity without impacting the main physics under investigation. We now introduce the Hamiltonians for the two distinct types of TSCs. The intrinsic TSCs with a spinful p + ip pairing symmetry can be described by [54] 
where the first part is the kinetic energy of electrons with mass m, and a two-component spinor annihilation operator is defined byψ(r) = [ĉ ↑ (r),ĉ ↓ (r)] T ; the second part is the pairing energy with a gap ∆ and spin operator σ. The operators∂ x + i∂ y ensure a p + ip pairing, while the vector d defines an axis, about whichĤ i 0 is invariant under the transformψ → e iθd·σψ in spin space. For extrinsic TSCs, the TI surface state with a proximate s-wave pairing is described bŷ
The Dirac-cone state endows an effective p+ip symmetry to the pairing term after a unitary transformation.
To evaluate distinct coupling and screening processes of a quantum magnetic impurity in intrinsic and extrinsic TSCs, we present above Hamiltonians, including the hybridization term, in the orbital angular momentum (OAM) space viaĉ kσ = 1 √ 2πk m e imφĉ m,σ (k) with m denoting the OAM, φ being the angle of k respect to xaxis, and take d = e z [6, 55] . In this new representation,
where the intrinsic pairing involves both m = −1 and 0 orbits, while the impurity is coupled only to the m = 0 orbit. Once Cooper pairs break up after scattered by the impurity in the Kondo regime, only those electrons with m = 0 form the Kondo singlet with the f-electron, while m = −1 electrons are unpaired, leading to a spin doublet ground state (DGS).
In the extrinsic case, the Dirac cone term in Eq. (5) locks electronic σ and k. We introduce a unitary rotation c k = U (φ)γ k with U 11 = U 12 = 1/ √ 2, U 21 = −U 22 = exp(iφ)/ √ 2 and φ being the polar angle of k. We place α = ± intoγ k,α to combine the spin-up and spin-down components forĉ k,↑ andĉ k,↓ . In the OAM space, usinĝ
where m = −1, 0 and ǫ kα = αv F k. Eqs. (6) and (7) contain both m = −1 and 0 orbits as essential components inĤ The equations in (7) show that the f σ -operator is coupled to composite fermion operatorsγ 0,+ (k)+γ 0,− (k) and γ −1,+ (k) −γ −1,− (k), involving electrons from conduction and valence bands in both spin directions. We therefore introduce a new set of fermionic operatorŝ
where θ(x) is the Heaviside step function and the subscript τ ind ǫ,τ defines a pseudospin, which comprises electronic spin, OAM and band degrees of freedom from conduction electrons. This implies that two spin-locked bands described by Eq.(5) now are decoupled into two effective, independent bands, each of which is characterized by a pseudospin, but only one effective band is relevant to the Kondo process [56] . Below we use an energy representation [57] , where the sum of k is converted to an integral over energy ǫ in [−1, 1] with the cutoff taken as the energy unit [58] , resulting in an effective Hamiltonian
where
2 F is the density of states forĉ k,σ electrons in the TI surface. The Anderson impurity coupled to an extrinsic TSC with the p + ip pairing is therefore formally equivalent to an impurity coupled to an s-wave SC described by the equations in (10) . There are, however, some key distinctions [5, 6] , e.g., the effective hybridization h 2 (ǫ) ∝ |ǫ| linearly away from the Dirac point and the pseudospin τ accounts for both spin and orbital degrees of freedom from Eqs. (5). Moreover, for ∆ = 0, equations in (10) reduce to those for the Anderson impurity coupled to the TI surface state [57] .
We employed numerical renormalization group (NRG) techniques [2, 59] to determine low-energy properties of the Anderson impurity in TSCs described by the Hamiltonians derived above, with the effective hybridization coupling h(ǫ) properly treated for NRG calculations [57, 60] . For the most interesting case of ∆ = 0 and µ > ∆, the on-site potentials and hopping amplitudes in a Wilson chain adopt a matrix form such thatd ǫ,τ -fermions are allowed to hop between two nearest sites with different τ [56] , following an established logarithmic discretization and numerical diagonalization procedure [2, 55] . We first examine the difference between the lowestexcited and ground-state energy δE = E 1 − E 0 in the thermodynamic limit, which is a key quantity in describing the ground-state structure and probing quantum phase transitions driven by U and µ [53, 59] . The calculated results for the impurity in extrinsic TSCs exhibit a general pattern [ Fig. 1(a)] showing that, for a given µ, δE initially declines with increasing U , reaching zero, and then rises with further increasing U ; each δE versus U curve [ Fig. 1(b) ] has a V shape, and the critical value U c where δE = 0 increases with rising µ. For comparison, the corresponding result for the impurity in a conventional s-wave SC is also shown in Fig. 1(b) , and it has a critical U c much higher than typical values for extrinsic TSCs, indicating that U c is effectively suppressed by the hybridization coupling h(ǫ) driven by the unique band structure of the proximate TI surface state in extrinsic TSCs. In contrast, intrinsic TSCs display a qualitatively different, monotonically increasing δE with U c = 0, indicating an absence of any quantum phase transition in the µ-U space.
To elucidate the behavior of δE in the context of new Kondo physics, we assess impurity moment M imp = lim T →0 T χ imp (T ), where χ imp (T ) is impurity susceptibility and T absolute temperature. Calculated M imp in the µ-U space is shown in Fig. 2(a) . For a fixed µ, the system goes from M imp = 0 at U < U c to M imp = 1/2 at U > U c , corresponding to a phase transition from a spin singlet to doublet ground state. These general features of M imp is similar to those in a conventional s-wave SC [53] ; in contrast, the impurity in intrinsic TSCs stays in the DGS regime at all µ without a phase transition. At U > U c , the Cooper pairs formed byd ǫτ -fermions are robust against impurity scattering, leading to a degeneratef σ -electron doublet state, placing the system in the DGS regime shown in Fig. 2(a) . For U ≤ U c , M imp = 0, but the phase space is further divided into two areas separated by a crossover that is governed by a function Γ(µ) = πV 2 ρ(µ) with ρ(µ) being the DOS of the normal state at µ. At 0 < U ≤ Γ, charge fluctuations of f -electrons allow for resonance scattering (RS) between the impurity and conduction electrons [53] ; charge fluctuations are greatly suppressed when U ≫ Γ [56] , leading to the formation of a pseudospin Kondo singlet (PKS) state.
RS
In the PKS regime, the Cooper pairs are broken by impurity scattering, and pseudospins τ ofd ǫτ -fermions released from Cooper pairs form the PKS with the impurity spin. Both the m = −1, 0 orbits and spin of conduction electronsĉ m,σ are involved in screening the impurity spin. This unusual process produces a spatially anisotropic correlation between the impurity and conduction electron spins [ Fig. 2(b 
. This feature reflects the spinmomentum locking of the conduction electrons in TI induced extrinsic TSCs, distinguishing the PKS from the conventional Kondo singlet (KS) in normal metals.
To further explore distinct Kondo phenomena in TSCs, we evaluate impurity LDOS ρ Owing to the effective hybridization coupling h(ǫ), these peaks move deep inside the gap toward ω = 0 as seen in Fig. 2(b) . At increasing U below U c , the system undergoes a crossover into the PKS regime, where the two RS peaks evolve into two Kondo resonance peaks and move closer to ω = 0. For U > U c , the ground state becomes two-fold degenerate with S Fig. 2(b) . Meanwhile, the impurity in intrinsic TSCs remains in DGS and its LDOS is less sensitive to parameter changes [ Fig. 2(c) ]. These distinct LDOS behaviors should be detectable by spin-resolved scanning tunneling microscopy measurements [61] , thereby distinguishing extrinsic and intrinsic TSCs.
We now examine the scaling behavior of T χ imp (T ). For extrinsic TSCs, when ∆ = 0 the impurity is coupled to a TI surface state, and it is not screened by conduction electrons for any U at µ = 0 since the Fermi energy is at the Dirac point, whereas it is screened and forms a KS for any U = 0 as long as µ = 0 [51, 57] . NRG results for ∆ = 0 in Fig. 3(a) indeed show RG flow going to a localmoment (LM) fixed point with M imp = 1/2 for U = 0 at µ = 0, and to a KS fixed point with M imp = 0 for all U at µ = 0. When ∆ = 0, the RG flow goes to fixed points with M imp = 0 and 1/2 for U < U c and U > U c , respectively, even at µ = 0 as shown in Fig. 3(b) . In this case, the impurity is screened by thed ǫτ -fermions released from the Cooper pairs for sufficiently low T and U < U c . When µ = 0, in addition to the fixed points at µ = 0, an RS fixed point with M imp = 0 appears at U ≤ Γ as shown in Fig. 3(c) . It is noted that thermal fluctuation tends to break both the PKS and Cooper pairs, and these two processes have opposite effects on the screening process, resulting in the anomalously varying patterns of T χ imp (T ) at T ∼ T K as shown in Figs. 3(b) and 3(c). For comparison, we also show T χ imp (T ) for the impurity in intrinsic TSCs in Fig. 3(d) , where only the LM fixed point with M imp = 1/2 exits for all U = 0. These results highlight a fundamental difference in Kondo physics for intrinsic and extrinsic TSCs.
In summary, we have uncovered new Kondo phenomena associated with a quantum magnetic impurity in extrinsic and intrinsic 2D TSCs with a p + ip pairing symmetry. In the case of extrinsic TSCs, the spin-momentum locking in the surface TI state generates an effective coupling between the impurity and the spin and m = −1, 0 orbits of conduction electrons, leading to a rich phase diagram characterized by RS, PKS and DGS regimes. In the PKS regime, both electronic and orbital degrees of freedom participate in the screening process, producing an unusual Kondo state with a spatially anisotropic spin correlation. Meanwhile, in the case of intrinsic TSCs, the impurity stays in a distinctively robust DGS regime with an isotropic spin correlation. The two cases are further distinguished by different evolutions of LDOS with changing U and µ, which reveal intriguing underlying physical processes and open avenues for experimental verification. Recently, spin-polarized Yu-ShibaRusinov states were observed by a spin-resolved spectroscopy measurement in a conventional s-wave superconductor [61] 
here θ(ǫ) is the Heaviside step function, and the pairing term is,
Meanwhile, the hybridization term becomeŝ
2 F is the density of states of the TI surface state. We define two new sets of fermionic fieldsd ǫ,τ andê ǫ,τ as following,d
In terms ofd ǫ,τ andê ǫ,τ , Eq.(S1)-(S3) can be written as,
where the energy cutoff for the integral, which is material dependent, is set to be the energy unit. From the above equations it is clearly seen that the impurity is only coupled tod ǫ,τ -field and, consequently, we may drop theê ǫ,τ -terms in the study of Kondo physics for the quantum magnetic impurity, thus leading to Eqs. (10) in the main text.
MAPPING THE IMPURITY IN EXTRINSIC TSC MODEL (µ = 0) TO A SEMI-INFINITE CHAIN
We have already shown that the Anderson impurity coupled to the extrinsic p + ip TSC is formally equivalent to the Anderson impurity coupled to an s-wave SC with an effective hybridization coupling h(ǫ) = V ρ 1/2 (ǫ)/ √ 2. However, the newly introduced fermionic operators describing the s-wave pairing are different from the original fermionic operators; instead, they involve pseudospins. To implement the Wilson numerical renormalization group technique to study the low-energy properties ofĤ e =Ĥ e 0 +Ĥ e hyb +Ĥ imp , we need to mapĤ e to a 1D semi-infinite chain logarithmically in energy space. Due to the presence of the superconducting gap ∆ and chemical potential µ = 0, it is not straightforward to discretize logarithmicallyĤ e . Here, we first consider discretization for the case of µ = 0, corresponding to placing the Fermi energy at the Dirac point of the TI surface; the more general case of µ = 0 will be treated separately below.
The first step is to discretize the energy band relative to the Fermi energy logarithmically into a series of successive subintervals labeled by l with Λ −l−1 < |ǫ| < Λ −l and Λ > 1 the RG scaling parameter. A set of basis functions for each subinterval l are defined by
where ω l = 2πΛ l /(1 − Λ −1 ) for m = 0, ±1, ±2, · · · , representing the orbits. The operatord ǫ,τ in Eqs. (10) of the main text can be expanded in the basis of χ l,m as follows:
After inserting Eq. (S12) intoĤ e 0 , we can reformulateĤ e 0 =Ĥ T I +Ĥ pair , whereĤ T I for the TI surface state readŝ
with τ representing the peusdospin, and
while the pairing partĤ pair becomes,
Inserting Eq. (S12) intoĤ e hyb leads to,Ĥ
where the operatorĝ 0σ is defined asĝ
with ξ 0 = π 1 −1 dǫh 2 (ǫ) = πV 2 /2 for normalized density of states, and
From Eq. (S16), it is seen that only the m = 0 component is directly coupled to the impurity so that as in the standard NRG scheme one can drop the m = 0 term inĤ T I andĤ pair [S2] . Following this step, we also drop the subscription m in the Hamiltonian, since only the m = 0 orbit is relevant in the present case. The next step is to take the following unitary transformation
to reformulateĤ e into a tridiagonal form [S3] , which represents a semi-infinite Wilson chain involving three parts:
where h.c. denotes the hermitian conjugate of the first two terms. · · · represents the expectation value taken in the ground state. To see the anisotropic nature of C x (r), we examine the first term in Eq. (S31) as an example. It is straightforward to apply the unitary transformation, i.e,ĉ kσ = U σσ ′ (φ)γ kσ ′ , and then transform the correlation function to orbital angular momentum space. These procedures give rise to
where "..." denotes two more spin-flip terms in terms of the γ m,α fields. In the orbital angular momentum representation where only m = 0, −1 two orbits are relevant to the Anderson impurity scattering, one can already see an anisotropic C x (r) as follows
where θ is the angular variable of the vector r, φ and φ ′ are the angular variables of wave vector k and k ′ respectively. In the last step, we introduce two new variables defined as φ 1 = φ − θ and φ 2 = φ ′ − θ and each of four terms becomes only θ-dependent after integrations are taken over k, k ′ , φ 1 and φ 2 . For convenience, we define a θ-independent kernel C 1 (r, m, m ′ ) as,
then Eq. (S32) can be written as, The red and blue circles represent the impurity site and conduction electron sites respectively. Each rung corresponds to one site but with two pseudospins τ = ±. The "+" and "-" denotes the staggered on-site potential on the Wilson chain. The solid and dashed curves in (c) denotes the odd-even-sensitive hopping between nearest-neighbor sites.
